Mycobacterium tuberculosis (MTb), the causative agent of tuberculosis, can persist in macrophages for decades, maintaining its basic metabolic activities. Phosphoenolpyruvate carboxykinase (Pck; EC 4.1.1.32) is a key player in central carbon metabolism regulation. In replicating MTb, Pck is associated with gluconeogenesis, but in non-replicating MTb, it also catalyzes the reverse anaplerotic reaction. Here, we explored the role of selected cysteine residues in function of MTb Pck under different redox conditions. Using mass spectrometry analysis we confirmed formation of S-S bridge between cysteines C391 and C397 localized in the C-terminal subdomain. Molecular dynamics simulations of C391-C397 bridged model indicated local conformation changes needed for formation of the disulfide. Further, we used circular dichroism and Raman spectroscopy to analyze the influence of C391 and C397 mutations on Pck secondary and tertiary structures, and on enzyme activity and specificity. We demonstrate the regulatory role of C391 and C397 that form the S-S bridge and in the reduced form stabilize Pck tertiary structure and conformation for gluconeogenic and anaplerotic reactions.
Introduction
Tuberculosis (TB), one of the oldest human diseases, remains one of the biggest infectious killers worldwide despite the availability of drugs and vaccine. Latent Mycobacterium tuberculosis (MTb) infection is a major obstacle in global TB control and hinders complete eradication of the disease. Latency develops due to the ability of MTb to escape host defense mechanisms, such as reactive oxygen species and reactive nitrogen species. The metabolism of MTb is quite flexible, and the bacterium is capable of adapting to extremely different conditions and environments. The process of adaptation is a complex system of transition from an energy-consuming replicative state to a state of dormancy, characterized by suppression of metabolism to the minimum. The major transition trigger is likely a decrease of oxygen inside lung granulomas, where MTb can survive for decades. Hypoxia arrest inside macrophages induces increase a1111111111 a1111111111 a1111111111 a1111111111 a1111111111 in the level of NADH and NADPH cofactors in the MTb intracellular milieu and decrease in ATP level [1, 2] . Transcriptional and metabolomics studies have indicated induction of the DosR/S [3] system and KstR repressor [4] and upregulation of several enzymes involved in central carbon metabolism, including isocitrate lyase, phosphofructokinase B, phosphoenolpyruvate carboxykinase (Pck), and others [1, 5, 6] during bacterial slow growth. Upregulation of the Pck gene has been detected in non-growing bacilli during mouse infection [7] . This rearrangement of metabolic routes leads to the synthesis of oxaloacetate (OAA) by anaplerotic fixation of CO 2 . Pck is a GTP-dependent enzyme that catalyzes the reversible step of phosphoenolpyruvate (PEP) production from oxaloacetate (OAA). Pck activity is preferentially associated with the gluconeogenic production of PEP, but under hypoxia-triggered non-replicating conditions, it also effectively catalyzes the anaplerotic reaction, resulting in OAA production in MTb [1, 8] . In our previous study, we found that the specificity of MTb Pck is strictly regulated by reducing conditions in the anaplerotic reaction [9] . While synthesis of PEP by MTb Pck does not require reducing conditions, OAA is synthesized only in the presence of a reducing agent in the anaplerotic reaction.
The MTb Pck sequence contains nine cysteine residues, six of them (C49, C89, C119, C131, C198, and C230) are situated in the N-terminal domain (C89, C119, and C198 are located in random coil loops; C49 and C230 in α-helices, C131 in a β-sheet), C391 and C397 are present in the C-terminal subdomain between the N-and C-terminal domains. The reactive cysteine C273 that is typical for the GTP-dependent Pck family is localized in the binding site within the C-terminal domain, close to the binding site for GDP/GTP [10] . Mutational analysis, however, showed that C273 residue is not essential for Pck function in either directions [9] .
In this study, we investigated the role of cysteine residues that could potentially contribute to regulation of MTb Pck specificity by the change of reducing conditions. We identified critical cysteine residues in positions 391 and 397 that significantly contribute to protein stability and consequently to MTb Pck activity.
Materials and Methods

Cloning, expression, and purification of MTb Pck
Cloning and expression of MTb Pck has been previously described [9] . Pck (Rv0211) with an N-terminal His-tag in pET15b and all cysteine mutants were expressed in E. coli BL21(DE3). The purification process was performed in batches, followed by size exclusion chromatography. Harvested cells were lysed by multiple freeze-thaw cycles and addition of lysozyme. The cell supernatant was loaded onto Talon 1 chromatography resin (Clontech) and gently agitated for 1 h on a shaker at 4˚C to allow the His-tagged protein to bind the resin. After incubation, the resin was centrifuged at 700 × g for 5 min, and the supernatant was removed. The resin pellet was washed with 10-bed volumes of buffer (20 mM Tris-HCl, 300 mM NaCl, pH 8) and then with 10-bed volumes of buffer containing 10 mM imidazole. The Pck variants were eluted by sequentially increasing the imidazole concentration (100, 200, and 500 mM) in the elution buffer. Pck-containing fractions were filtered to remove traces of resin, concentrated, and purified on a HiLoad 16/60 FPLC (Superdex 75 pg, GE Healthcare) equilibrated with 20 mM Tris-HCl, pH 7.4, or 20 mM Tris-HCl, 150 mM NaCl, pH 7.4.
Site-directed mutagenesis of C391 and C397
Site-directed mutagenesis was performed according to the QuikChange protocol by Stratagene TM with minor modifications. The complementary primers (1 μg/ml) (see Table 1 ) were mixed in Pfu polymerase reaction buffer with 0.2 mM dNTPs and 50 ng plasmid template containing the Pck coding sequence. After addition of Pfu polymerase (2 U/reaction), the following cycling reaction (linear amplification reaction) was started: denaturation at 94˚C (50 sec), annealing at 55˚C (50 sec), and extension at 72˚C (8 min), with 20 repeats. After the cycling reaction, DpnI restriction enzyme was added, and the final mixture was subsequently incubated at 37˚C for 12 h. The final product was transformed into DH5α ultracompetent cells, and individual colonies were used for sequencing.
Enzyme activity measurement
Pck activity was determined as previously described [9] . To monitor the rate of the anaplerotic reaction (OAA formation), the Pck-catalyzed reaction was coupled with the subsequent reaction catalyzed by malate dehydrogenase from Thermus flavus (Sigma-Aldrich ). To monitor the gluconeogenic reaction (PEP formation), the Pck-catalyzed reaction was coupled with reactions catalyzed by pyruvate kinase (PK, Roche) and lactate dehydrogenase (LDH, Roche). The typical reaction mixture was composed of 100 mM HEPES-NaOH, pH 7.2, 0.3 mM OAA, 0.2 mM GTP, 2 mM MgCl 2 , 0.2 mM MnCl 2 , 10 mM DTT, 10 U/ml LDH, 3 U/ml PK, and 0.2 mM NADH. The reaction progress for both reactions was followed by monitoring the decrease in absorbance at 340 nm due to NADH oxidation to NAD + . The kinetic data were fitted using a nonlinear least squares regression analysis (SigmaPlot 11.0).
Mass spectrometry analysis
To identify native disulfide-containing peptides, wt MTb Pck was digested by pepsin in acidic pH [11] . Briefly, 10 μg of protein in 20 mM Tris buffer, 150 mM NaCl, pH 8, were mixed with 400 μl of 0.5% trifluoroacetic acid and 100 μl of 8 M urea. Pepsin dissolved in water was added in an pepsin:protein ratio of 1:50. The digestion was performed for 2 h at room temperature. The resulting peptides were desalted on a C18 SPE column (PepClean, Thermo). During LC-MS/MS, the peptides were separated with a nano LC system (Ultimate 3000 RSLC nano, Dionex) on an AcclaimPepMap C18 column (75 um Internal Diameter, 250 mm length) using a 70 min elution gradient of acetonitrile in 0.1% formic acid. MS/MS data were acquired on a tandem mass spectrometer (TripleTOF 5600, Sciex) in a data-dependent manner selecting up to 15 precursor ions for fragmentation in each cycle. The resulting raw data were searched against a database consisting of mycobacterial proteins as well as proteins from E. coli and common contaminants in Protein Pilot 4.5 (Sciex). Ions suspected of containing disulfides were subjected to manual curation to confirm the position of the disulfide bridge within the peptide molecule.
Molecular dynamics
System preparation. The prepared and optimized Pck-GDP-Mn 2+ complex from our previous work [10] was used. For this analysis, we removed the cofactor to match the mass spectrometry conditions. Likewise, we discarded the Mn 2+ ion, which has a negligible effect on the structure [10] , and the water molecules. A truncated octahedron of explicit TIP3P water molecules, which extended 11 Å from the protein, was added in the Leap module of AMBER14 [12] . Nineteen Na + counterions were put in places with the highest electrostatic potential to maintain the electroneutrality of the system. The AMBER ff14SB force field [13] was used for the protein, and Joung and Cheatham parameters [14] for the Na + ions. The added waters and counterions were relaxed using the published protocol [15] . Simulations. After the system was gradually heated to 300 K over 50 ps and equilibrated for 200 ps, a production run of 17 ns ensued, using previously published settings [15] . Thereafter, C391-C397 disulfide bond was formed using protocol we developed previously [16] . Briefly, 2 ns MD was run using harmonic restraints of 1, 5, 10, 20, 30, 40, and 50 kcal/mol/Å on the distance between the side chain sulfurs (SG. . .SG) with a target of 3.6 Å (noncovalent SG. . .SG distance). For the selected restraint strength of 20 kcal/mol/Å, the two HG hydrogens were deleted and the disulfide bond formed. The waters and counterions were removed, and the 5 Å surroundings of the two cysteines were optimized. Waters and counterions were added again, and the system was run through relaxation, warming, equilibration, and production MD of 29 ns with the same settings as detailed above.
Circular dichroism and Raman spectroscopy
The circular dichroism (CD) spectra of wt MTb Pck and the mutants were measured separately in the farUV (190-260 nm) and near UV (250-320 nm) spectral regions in standard experimental setups: far-UV, 0.1-cm quartz cells, protein concentration of 41 μM, 2 scans, 0.1-nm steps, 10 nm/min speed, 16 sec time constant, 1-nm spectral bandwidth; near UV, 0.2-cm quartz cells, protein concentration of 410 μM, 2 scans, 0.1-nm steps, 10 nm/min speed, 16 sec time constant, 1-nm spectral bandwidth. All samples were in 20 mM Tris-HCl, 150 mM NaCl, pH 7.4. Following baseline correction, the final spectra were expressed as molar ellipticity, (deg cm 2 dmol
) per residue. Raman spectra were obtained using the drop coating deposition Raman spectroscopy technique [17] . For this purpose, samples with the same concentrations as for CD in 20 mM TrisHCl buffer, pH 7.5, were dialyzed (Millipore filters 0.025 μm/white, VSWP/13 mm) against distilled water (30 min). The original and dialyzed samples were deposited (2 μL) on CaF 2 slides and dried in air at room temperature (20˚C for approximately 20 min).
Subsequently, Raman spectra were measured using an HR800 Raman microspectrometer (Horiba Jobin Yvon) with a 514.53 nm Ar + -ion excitation laser (10 mW) for the 1800-3300 cm -1 wavenumber interval. A 50× microscope objective (N.A. 0.75, Olympus) was used to focus the excitation laser on the sample to a diameter of approximately 1.5 μm. The spectra were collected using 600 grooves/mm grating and a liquid nitrogen-cooled CCD detector (1024×256 pixels, Symphony) with an integration time of 10×120 sec for He-Ne excitation and 10×480 sec for Ar + -ion excitation. The spectrometer was calibrated using Si-vibrations (at 520.7 cm . The Raman spectrum of the CaF 2 substrate was carefully subtracted and background corrected. The Raman spectra in the S-H stretching region were normalized to the bands area.
Results
The disulfide bridge is formed by C391 and C397 in MTb Pck
The distance measurement between all possible cysteine pairs in the X-ray crystal structure of reduced form of wt Pck in complex with GDP and Mn 2+ (PDB 4RCG; 4R43) [10] indicates four possible S-S bridge variants (Fig 1A) with Cys-Cys distances not exceeding 15.0 Å: C119-C198 (13.6 Å), C391-C49 (10.5 Å), C230-C89 (12.3 Å), and C391-C397 (14.4 Å). To confirm presence of disulfides, we performed LC-MS/MS analysis of pepsin digest of Pck sample without addition of reducing agent. Prior to digestion, we alkylated cysteine thiol groups by iodoacetamide, which resulted in carbamidomethylation of cysteines and increasing the mass of each cysteine residue by 57.02 mass units (S57). All cysteines in the protein molecule, including C391 and C397, were alkylated by iodoacetamide. Only C391 and C397 also were found in the oxidized form of a disulfide bridge. We identified several peptides containing a disulfide bond between C391 and C397. Fig 2 shows corresponding MS/MS fragmentation spectrum of peptide YFRETETNAAHPNSRYCTPMSQCPIL. The list of identified peptide fragments highlighted as compare to all theoretical fragment ions are listed in S1 Table. We further investigated the impact of C391-C397 bridge formation on local conformation changes in Pck structure. The crystal structure of reduced Pck form [10] shows that C391 is The experimental fragment ions correspond to the theoretical fragmentation of peptide YFRETETNAAHPNSRYCTPMSQCPIL with the cysteines C391 and C397 in the form of disulfide bridge. Most intense fragments visible in the spectrum are annotated by specific fragmentation series, number of the fragment in the series and the charge of the ion (in exponent). The same fragments are also visualized in the peptide sequence on top of the spectrum. For details of the fragmentation, see the S1 Table. doi:10.1371/journal.pone.0170373.g002
oriented to the opposite direction than C397, and is located in the S22 β-strand, which is part of five-stranded β-sheet (Fig 1B) . All efforts to get crystals of suitable quality for X-ray structure determination of oxidized Pck containing S-S bridge were not successful and therefore we used restrained molecular dynamics (MD) to simulate the local structural rearrangements in Pck upon C391-C397 disulfide bridge formation. The S-S bridged Pck model was prepared using the force constant of 20 kcal/mol/A as described in more details in Material and Methods. According to the model, the S22 as well as the adjacent S16 β-strands loosed their secondary structure and orientations of Asn 387, Arg 389, and Phe 318 side chains were changed ( Fig  1C) during the S-S bridge formation.
Influence of C391 and C397 on Pck structure stability To determine contribution of C391 and C397 to Pck structure stability, we mutated these Cys residues to the non-polar Ala residue and used the circular dichroism (CD) spectroscopy in the far-UV (195 nm-280 nm) and near-UV spectral regions for analysis of secondary and tertiary structure changes, respectively. The obtained far-UV spectra of C397A sample without addition of reducing agents revealed only small secondary structure changes compared to the wt Pck measured under identical conditions. We observed more profound secondary structure changes caused by the increase of α-helical conformation for C391 mutant ( Fig 3A, Table 2 ). These data suggest that formation of the disulfide in MTb Pck can cause only local conformational changes but the overall protein structure is not changed.
The near-UV CD spectra revealed the importance of C391 and C397 for stabilization of tertiary structure of Pck, as mutation of these residues caused significant spectral changes ( Fig  3B) . The CD bands typical for aromatic side chains of Trp (290 nm), Tyr (283 nm, 278 nm and 272 nm) and Phe (265, 258 nm) [18] were present in spectra of all the studied proteins however, the overall spectral intensity was markedly higher for wt Pck.
To investigate the local SH structure and dynamics in wt Pck and the mutants, we used Raman spectroscopy and analyzed the sulfhydryl stretching vibration spectral region (2500-2600 cm -1 ) [19] . For wt Pck and C397A mutant, the Raman S-H stretching bands occurred at 2575 cm -1 and 2545 cm -1 , on the other hand for C391A mutant, these bands occurred at 2560 cm -1 with a shoulder at 2570 cm -1 (Fig 3C) . Such spectral differences indicate that the S-H group of C391 behaves as strong hydrogen donor [19] and can widely interact with amino acids in the environment.
Mutation of C391 and C397 modifies the activity of MTb Pck
We measured and compared activities of the C391A, and C397A mutants with wt Pck in both, anaplerotic and gluconeogenic reactions. The catalytic efficiency of C391A in the anaplerotic reaction decreased more than twice, namely due to the significantly increased K m value ( Fig  4A, Table 3 ), which corresponds well with the impaired secondary and tertiary structure of this mutant detected by CD and Raman spectroscopy. The K m value of C397A in the anaplerotic reaction slightly increased and local rearrangement caused by mutation of this Cys residue was probably more convenient for anaplerotic reaction, since the value of maximal velocity V max increased almost four times, which resulted in increased catalytic efficiency of this mutant. In gluconeogenic reaction we observed inhibition of reaction by increasing concentration of substrate for both mutants. Concentration of OAA exceeding 0.125 μM (C391A) and 0.25 μM (C397A) inhibited biosynthesis of PEP (Fig 4B) in contrast to wt Pck of which the activity was constant up to 1 mM OAA [9] . These data indicate that C391 and C397 residues are important for proper catalytic function of Pck in both reactions.
Discussion
MTb Pck is a key enzyme in carbon metabolism, interconnecting glycolysis, gluconeogenesis, and the tricarboxylic acid cycle through the PEP-pyruvate-OAA node. Carbon flux through this node can be regulated by cellular conditions, substrate accessibility, enzyme activities, and enzyme inhibition by metabolites. In most microorganisms and mammals, Pck preferentially catalyzes the gluconeogenic reaction, because the concentration of OAA and the reaction thermodynamics favor production of PEP for building of sugar backbones during biosynthesis of nucleotides and several amino acids [20] . In growing MTb, Pck preferentially catalyzes gluconeogenic reaction however in non-replicating MTb, Pck function is important for carbon fixation and anaplerotic production of OAA [8, 9] . Previously, we showed that increased concentration of reducing agents, and upregulation of proteins maintaining a reduced intracellular state stimulate MTb Pck anaplerotic activity [9] . It remains, however, unclear how reducing conditions contribute to MTb Pck specificity. One reason could be a change in the redox state of the hyperreactive cysteine; another possibility could be a reduction of S-S bridges and resultant modulation of Pck structure and activity. The reactivity of cysteine residues has been studied in Pck from different species. Results have shown that low concentrations of exogenous thiols stabilize or optimize enzyme activity, whereas the presence of disulfides supports a loss of activity [21] [22] [23] [24] . MTb Pck contains reactive Cys residue, involved in coordinating metal ions in the active site of GTP-dependent Pck family [25] , in position 273. However, mutation of C273 decreases the gluconeogenic reaction and increases catalytic efficiency of MTb Pck [9] , which suggests contribution of additional factors regulating MTb catalysis in different redox conditions.
Here, we investigated presence of disulfide bridge in MTb Pck and influence of Cys 391 and 397 on MTb Pck function. We indeed detected formation of disulfide between C391 and C397 in non-reducing conditions using mass spectrometry. Molecular dynamics simulations indicated that formation of C391-C397 disulfide resulted in local structural changes. MD simulation indicated that S-S bridge formation causes loosening of S16 and S22 β-strands, which in consequences orientation of Arg389, Asn387, and Phe318 side chains.
Mutation of C391 and C397 to Ala resulted also to impaired Pck activity and specificity. We obtained different results for C391A and C397A anaplerotic activities. Mutant C391A, having more impaired tertiary structure, was also significantly less efficient during anaplerotic reaction. Moreover, we observed inhibition of gluconeogenic reaction by increasing concentration of substrate for both mutants, suggesting changes of OAA binding in mutated MTb Pck. The X-ray structure of rat cytosolic Pck-OAA-Mn 2+ complex (PDB code 2QF2) indicates that in catalytically competent Pck form OAA interacts with two argine residues (Arg87 and Arg405).
Since the 3D structure of MTb Pck in the complex with OAA has not been determined yet, we used the structure of MTb Pck-oxalate (OXL, PDB code: 4WIU) and compared it with the rat Pck-OAA-Mn 2+ complex structure (PDB code 2QF2) and found similar stereochemical orientation of OAA and OXL in both enzymes, which allowed us to use MTb Pck-OXL complex for structural information explaining consequences of Cys 391 mutation to Ala. This structure shows that OAA interacts with Arg 81 and Arg 389 and forms sandwich-like arrangement similar to that found in mammalian cytosolic Pck [26, 27] (See S1 Fig) . Mutation of Cys 391 can influence orientation of side chains of Arg 389 and its interaction with OAA. The low stability of both mutants has not allowed us to crystalize the C391A and C397A mutants for further detailed characterization. Interestingly, we found that C391 and C397 in the reduced form play important role also for Pck tertiary stability. Mutation of C391 and C397 to Ala leads to destabilization of tertiary structure as documented by collected near-UV CD spectra and Raman spectroscopy analysis in the sulfhydryl stretching vibration spectral region (2500-2600 cm -1 ), which showed a difference in the reactivity of individual SH thiol group, particularly of C391.
Taken together, our study indicates importance of cysteine residues in positions 391 and 397 for Pck tertiary structure stability and enzyme specificity. Thus, a joint effect of the redox state of the hyper-reactive cysteine in position 273 [9] and the reactivity of SH thiol groups of cysteines 391 and 397, either forming a disulfide bridge or interacting with neighboring amino acids, influence the preference of Pck for anaplerotic reaction in MTb surviving in macrophages under increased reducing and hypoxia-triggered conditions. 
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